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the gold standard in Helicobacter diagnostics. Most rely on the amplification 23 of parts of the 16S rRNA gene sequence. Therefore, the validity and accuracy 24 of results depends heavily on the PCR design at the time of its publication 25 even though new sequences are constantly published. Here we report 26 inconsistency amongst different commercial laboratories in identifying 27
Helicobacter hepaticus infection in commercially bred mice supposedly free of 28 this infection. Furthermore, 3 out of 6 different commercial laboratories 29 performing helicobacter testing on the same spiked faecal samples failed to 30 detect and identify H.hepaticus. We designed a simple generic PCR assay 31 that amplifies a 261 bp amplicon spanning two of the seven variable regions 32 in the 16S rRNA of helicobacter. Using this assay together with an 33 established generic assay designed by Bohr (Bohr et al., 2002) and then 34 cloning and sequencing their products, we detected the H.hepaticus used in 35 the study that three commercial laboratories failed to detect. We also think we 36 can detect all the currently known species of helicobacter and hopefully the 37 new ones as well. And we have been able to identify different species of 38 helicobacter and their relative proportions infecting a single animal. This 39 information has also shown that some helicobacters may have a much 40 broader host range than originally reported. 41
Helicobacter in rodents. This is due to the difficulty in growing the bacteria in 48 culture. Most Helicobacter diagnostic PCRs target the 16S ribosomal RNA 49 gene (Battles et al., 1995; Beckwith et al., 1997; Fermer et al., 2002; Ge et 50 al., 2001; Grehan et al., 2002; Mahler et al., 1998; Nilsson et al., 2004; Riley 51 et al., 1996; Shames et al., 1995) . A current search of sequences for the 16S 52 ribosomal RNA gene of Helicobacter spp in NCBI produces at least 513 53 different sequences (Table 1) . This is a growing database, which constantly 54
incorporates new sequences to the genus. Therefore, the validity and 55 accuracy of results depends heavily on the PCR design and the time of its 56 publication. Nowadays the genus contains 31 formally named species 57 (http://www.bacterio.cict.fr/h/helicobacter.html).14 are currently known to 58 infect rodents, and 9 of them have been found in mice (Fox and Whary, 2007) 59 In 2001, H. hepaticus-free mice received straight from commercial vendors 60 tested positive in our laboratory for this organism by two different PCR assays 61 (Mahler et al., 1998; Shames et al., 1995) , culture and electron microscopy. 62
This prompted an investigation into the cause of this discrepancy in health 63
status. 64
Here, we report further inconsistencies between different commercial 65 laboratories in identifying H. hepaticus on the same spiked faecal samples in 66 2007. We also highlight the deficiencies of two published assays (Mahler et 67 al., 1998; Shames et al., 1995) used in our laboratory in 2001 by cloning and 68 sequencing their products. We have also designed a simple generic PCR 69
Page 4 of 31 A c c e p t e d M a n u s c r i p t 4 assay that amplifies a 261 bp amplicon, which was validated with and proved 70 as effective as an already published 800 bp assay also used for generic 71 helicobacter testing (Bohr et al., 2002) . 72
Finally, by cloning and sequencing the products from several different PCR 73 assays we have been able to identify the species of helicobacter and their 74 relative proportions infecting a single animal and to show that some species 75 of helicobacter have a much broader host range than originally reported. The 76 new 261bp assay also detected a naturally occurring infection by a single 77 helicobacter strain in a mouse facility that some currently used assays failed 78 to detect. 79
Page 5 of 31 A c c e p t e d M a n u s c r i p t Table 2 shows the various primers used in this study. PCRs were carried out 127 as follows: 50 ng of template was added to a PCR mix containing 2 mM 128 dNTPs, 10 pmol of each primer, and 2.5 units of HotStartTaq DNA Page 7 of 31 A c c e p t e d M a n u s c r i p t 7 polymerase (QIAGEN, West Sussex, UK) in PCR buffer containing 15 mM 130 MgCl 2 . PCR for the Helicobacter spp assay and the H. hepaticus assay 131 followed conditions defined previously (Mahler et al. 1998; Shames et al. 132 1995) . PCR conditions for the 800 bp (Bohr et al. 2002) consisted of an initial 133 denaturation step of 94 0 C for 5 minutes followed by 35 cycles of 94 0 C for 15 134 seconds, 65 0 C for 45 seconds and 72 0 C for 90 seconds, and a final extension 135 step at 72 0 C for 10 minutes. A new PCR assay (261bp assay) was developed 136 that amplified a 261 nucleotide fragment (Table 2) (Poynter, 2004; Sanchez-137 Morgado, 2004; Sanchez-Morgado and Poynter, 2003) . Conditions for the 138 261 bp assay were identical to the 800bp assay except for an annealing 139 temperature of 50 0 C. PCR was performed using the Robocycler Gradient 96 140 (Stratagene, London, UK). Amplified DNA was resolved by use of gel 141 electrophoresis in ethidium bromide prestained 1.5% agarose gels. 142
Quantitative PCR 143
Primers and probes were designed using the application Beacon Designer Reaction conditions consisted of an initial denaturation step of 94 o C for 15 160 minutes followed by 40 cycles of 94 0 C for 15 seconds and 60 0 C for 60 161 seconds. QPCR was performed using the Mx3000P system (Stratagene, 162
London, UK). The lowest copy number we could detect was between 10 and 163 100 copies for the plasmid. Bertani (LB) medium (1.0% tryptone, 0.5% yeast extract and 171 mM NaCl) 173 plates containing ampicillin (100 µg/ml), IPTG (0.5 mM) and Xgal (80 µg/ml). 174
Positive clones from each PCR product were sent for sequencing. Primers from all the PCR assays used in this study were used for sequencing. 181
Sequences were edited and analysed using EditSeq, Megalign and SeqMan 182 of Lasergene programs (DNAStar, Konstanz, Germany). Sequences were 183 identified using BLAST from the NCBI (National Center for Biotechnology 184 Information (http://www.ncbi.nlm.nih.gov/BLAST/)). 16S sequences were 185 analysed also using the ribosomal database project (Cole et al., 2005; Cole et 186 al., 2003) . 187
Page 10 of 31 A c c e p t e d M a n u s c r i p t 10 3. Results. 188 MIT 96-189 1809 controls. 190 Ten faecal pellets spiked with different amounts of H. hepaticus genomic DNA 191 were sent to 6 different commercial laboratories to test the reproducibility of 192 their helicobacter diagnostic assays. We asked for a positive or negative 193 result for Helicobacter spp. Only one of the positive samples, the higher copy 194 number, was consistently identified by three laboratories. Three of the 195 commercial laboratories were not able to identify any of the positive samples. 196 (Table 3 ). Samples were also analysed in our laboratory at (control in table 3). After analysing the DNA extracted we found the two 198 highest copy triplicates to have lost one logarithmic unit. 199
Commercial laboratory analysis of Helicobacter hepaticus strain

Published H. hepaticus and H. species PCR tests. 200
We used two assays to detect the presence of helicobacter in the mice 201 received from commercial breeders in 2001. We followed Mahler's method 202 (Mahler et al., 1998) to detect and differentiate H. muridarum, "H. rappini," H. 203 hepaticus, and H. bilis, and Shame's PCR (Shames et al., 1995) to detect H. 204 hepaticus. These assays detected H. hepaticus in mice from commercial 205 vendors supposedly H. hepaticus free. PCR products from these two assays 206
were cloned and then sequenced to discover exactly what they were 207 detecting. Initial focus was on the H. hepaticus species assay due to concern 208 about H. hepaticus pathogenicity in mice. We found that out of 158 positive 209 samples only 42% of them corresponded to H. hepaticus sequences. 25% of 210 the samples gave poor sequencing results, or amplified DNA not present in 211 the GeneBank database (Table 4 ). The other 33% of sequences were 212
Page 11 of 31 A c c e p t e d M a n u s c r i p t 11 identified as H. rappini, H. typhlonius, and Helicobacter spp. It is possible that 213 H.hepaticus could have been present in sequences identified as H. spp due 214 to too short a sequence for speciation. It is true to say then that 7% of 215 sequences were definitely not H.hepaticus but those identified as H. 216 typhlonius and H.rappini. 217
We also sequenced a small number of the generic assay products focusing 218 mostly on the 390 bp band, as this band is for H. bilis detection, and found 219 that 57% of the 390 bp bands amplified corresponded to H.bilis, 28% to H. 220 apodemus and 14% to H. ganmani. H. trogontum was detected in all the 210 221 bp band samples sequenced (Table 4 ).This band can also be generated by 222 the presence of H.hepaticus and H.muridarum. 223
Design and set up of a new 261 bp Helicobacter assay. 224
Since we were having problems with the reliability of current in-house 225
Helicobacter assays, we decided to look at the possibility of designing an 226 assay that would detect all the current and even potentially new Helicobacter 227 species. The 16S ribosomal RNA gene from the 14 different Helicobacter 228 species infecting rodents were aligned and variable regions along the 229 sequence were identified. The total length of the variable regions is about 314 230 nucleotides. We also observed in some sequences an insertion of up to 290 231 nucleotides at the 5' end of the gene. We established that Helicobacter has 8 232 conserved and 7 variable regions plus an insertion on the 16S ribosomal RNA 233 gene (Fig 1) . We designed primers that span the variable regions 3 and 4 234 (Table 2 and Fig 1) . We validated our new primers together with a published 235 method (Bohr et al., 2002) that will amplify variable region 2 (Figure 1 ) against Page 12 of 31 A c c e p t e d M a n u s c r i p t 12 different helicobacter and non-helicobacter genomic DNA. The 261 bp assay 237 and the 800 bp assay amplified only helicobacter sequences (Fig 2) . 238
We took one randomly chosen sample from each of 4 physically separated 239 known helicobacter positive animal facilities. 261 bp PCR products were 240 obtained and cloned. Plasmid DNA was purified then sequenced and blasted. 241
We managed to identify a single helicobacter infection and three multiple 242 helicobacter infections using the described new primers spanning variable 243 regions 3 and 4 ( Table 5) . 244
To improve the identification of the sequences obtained we decided to include 245 the 800 bp assay in parallel because of its larger product size. We ran both 246 assays on 32 samples from a different H.hepaticus positive colony. From 120 247 clones, a unique sequence corresponding to H. hepaticus strain MIT 96-1809 248 was identified and subsequently used for the spiked faecal samples study. H.hepaticus free mice from commercial vendors tested positive for this 251 organism by PCR (Mahler et al., 1998; Shames et al., 1995) , culture and 252 electron microscopy in 2001. We are not the first to report such a discrepancy 253 in the helicobacter status of commercially bred mice (Bohr et al., 2006) . In 254 2007 we decided to send quantified spiked samples to different commercial 255 laboratories in order to check the consistency current helicobacter testing. 256
The amount of helicobacter excreted in infected animal's faeces isn't known 257 so we decided to send three different concentrations representing 10 7 , 10 5 258 and 100 copies of the genome. When we analysed the same samples we saw 259 a loss in copy number of one logarithmic unit, which may be due to the DNA 260 extraction method used in our laboratory .Results showed an inconsistency 261 amongst different commercial laboratories performing helicobacter PCR tests 262 on the same samples. This suggests that the helicobacter status of many 263 rodent colonies may depend not on the presence of the bacteria but on the 264 laboratory performing the tests. Our findings support previous reports by Dew 265 (Dew et al., 1997) and Karkas (Karkas et al., 2000) . 266
We also found that published PCR diagnostic methods for helicobacter can 267 fail to detect and identify this infection in rodents. We have proved by 268 sequencing, that the H. hepaticus assay (Shames et al., 1995) aurati, H. rappini, H. trogontum, H. typhlonius, and H. hepaticus (Figure 3) . 275
This primer then is non specific and could account for the different species 276 found when sequencing the PCR product from this assay. 277
The helicobacter generic assay was designed to detect H. muridarum, 278 H.hepaticus, H.bilis and "H. rappini " (Mahler et al., 1998) . We have found 279 additional helicobacters to those mentioned in the original paper as would be 280 expected ( Table 4 ) .Some of these are relatively new and their significance 281 and host range is not established yet so this is all useful information. 282 H.trogontum was originally reported in rats ( Mendes E.N et al., 1996) and 283 H.apodemus in striped field mice (Jeon et al 2001) . 284
Mahler's PCR reverse primer hybridised with nucleotides 440-459 for H. bilis 285 U18766, and with nucleotides 261-280 for H. bilis AF047847. Different 286 positions of sequences complementary for this primer found even in the same 287 species (H. bilis), could account for the different sequences found when the 288 390bp band from this assay was sequenced. This helps explain why the 289 helicobacters could not always be speciated from the assay result alone. 290
The generic assay does not always give a 210bp band when H.hepaticus is 291 known to be present in the same sample after the PCR product was 292 sequenced from the H.hepaticus assay. Unless the two assays were run in 293 parallel one could wrongly assume H.hepaticus to be absent in these 294 samples. This may suggest some strains of H. hepaticus have changed in the 295 region targeted by the generic primers or that there could be a new 296 helicobacter species present in the animal. 297
The deficiencies found in these primers may also explain the reported 298 discrepancies found between different laboratories when testing the same 299
Page 15 of 31 A c c e p t e d M a n u s c r i p t 15 samples. Different laboratories are using different primers with their own 300 inherent strengths or weaknesses and this, coupled with the fact that 301 individual animals may intermittently shed helicobacter and harbour more 302 than one species makes complete correlation highly unlikely. We have shown 303 that with some assays it is necessary to sequence amplified DNA before it 304 can be relied on to speciate an organism. In addition to all this, new 305 helicobacters in rodents are being reported often enough to make old assays 306 invalid by drastically reducing the number of positions in the 16S rRNA gene 307 specific for any particular species. An example of this is H. typhlonius cross 308 reacting with in house H.hepaticus primers as shown in the results (Table 5) . 309 H.typhlonius was first reported in 1999 (Franklin et al., 1999) and the details 310 of the H.hepaticus assay were first published in 1995 (Shames et al., 1995) . 311
Other helicobacter assay primers may frequently amplify other unwanted 312 helicobacter sequences or, even worse, other closely related bacteria. In 313 some cases they may miss sequences they were supposed to detect. 314
To improve testing, we designed a simple generic PCR assay that generates 315 a 261 bp amplicon and amplifies variable regions 3 and 4 of the 16S rRNA 316 gene of all the current and even potentially new helicobacter species. This 317 PCR was used together with a published generic PCR (Bohr et al., 2002) that 318 spans variable region 2. By cloning and sequencing the products from these 319 two different PCR assays we have been able to identify different species of 320 helicobacter and their relative proportions infecting a single animal, to identify 321 species of helicobacter with a broader host range than originally reported, and 322
to identify a naturally occurring infection by a single Helicobacter strain in a 323 mouse facility. The cloned 261 bp product gave us more information after 324
Page 16 of 31 A c c e p t e d M a n u s c r i p t 16 sequencing on how many different helicobacter species are present in one 325 animal (Table 5 ). H. cinaedi has previously been reported in Hamsters, 326 Rhesus monkeys, rats, dogs ,foxes, and people (Fox et al., 2001) but not to 327 our knowledge in mice. This is another example of how such an approach can 328 shed light on the host range of different helicobacters. 329
The larger 800 bp fragment gave us more information after sequencing for 330 the purpose of speciation. However a smaller PCR product is advantageous 331 when trying to amplify DNA extracted from formalin fixed tissue. This is 332 because the DNA from such samples tends to degrade into shorter lengths as 333 has been shown previously (Greer et al., 1995) . The 261 bp PCR assay could 334 be used in formalin fixed tissues although we have not tried this yet. 335
Clearly, there are issues with the diagnosis of helicobacter in mice which 336 could lead to the introduction of positive animals into negative colonies with 337 animal welfare and research implications. The level of excretion in faeces of 338 helicobacter infected animals should be quantified in the future so we can 339 evaluate a diagnostic test against a limit of detection. We can discard 340 reliability issues related to the presence of unknown inhibitors in the extracted 341 nucleic acids as the DNA spike samples and the known positive faecal pellets 342 we sent were also analysed in our laboratory following the same shipment 343 protocol. As the focus of this study is not to analyse sample processing 344 amongst the different diagnostic laboratories we cannot evaluate why they 345 failed to identify the H. hepaticus positive samples sent. 346
The continuous detection of new helicobacters may make the 16 srRNA 347 gene a poor target for species assays. The likely horizontal transfer of 16S 348 rRNA gene fragments and the creation of mosaic molecules with the M a n u s c r i p t 17 consequent loss of phylogenetic information will add to this problem (Dewhirst 350 et al., 2005; Ueda et al., 1999; Wang and Zhang, 2000) . Dewhurst claims that 351 the 23S rRNA gene would render a much more robust phylogenetic analysis 352 in accordance with phenotypic DNA-DNA hybridisation analysis. We think that 353 diagnostic methods based on the 16S rRNA gene should be supported by 354 sequencing and possibly 23SrRNA gene analysis until such time that enough 355 sequences are known to make it a realistic target. 356
There is therefore a need to clearly identify and define the pathogenic 357
Helicobacter species in rodents. The use of a reliable generic helicobacter 358 PCR and subsequent cloning and sequencing, is one way forward to a better 359 understanding of helicobacter infection in rodents. 
